Cold Spray (CS) is a rapidly developing metal deposition technology, which allows for the formation of coating layers in a melt-free manner and is starting to replace existing technologies at industrial level. New developments in the field of CS as well as optimization of spraying strategy permit to elaborate freeform 3D objects with reasonable precision. Residual stress is among the most important factors affecting coating integrity in fact they can lead to peeling and/or delamination of coatings. In this study two different types of simulation were performed: at the microscale, using ANSYS-AUTODYN, a high impact simulation in order to study the mechanism of formation of residual stress in the cold-sprayed deposited particle; and at the macroscale a static structural simulation based on Tsui and Clyne's progressive deposition model in order to investigate a possible interaction between different layers and developing a deposition strategy. For the first time, in this work, a parametric study of the single impact particle to study the residual stress was proposed finding that impact velocity; incident angle of impact and density and the yield stress for the materials involved in the deposition have a strong influence in the residual stress formation. Furthermore, at a macroscopic scale, a deposition strategy that minimises residual stress was identified. In fact, it was found that the deposition of successive layers with a perpendicular relative orientation leads to a final product with lower residual stress.
Introduction
Cold Spray (CS) is a novel metal deposition technology, which allows for the formation of coating layers in a melt-free manner and is starting to replace existing technologies at industrial level. This CS process is an exciting new spray technology that has the potential to overcome limitations of more traditional thermal spray processes for some important commercial applications. It is possible to rapidly deposit thin or very thick layers of a wide range of metals, and even some composite materials, without melting or vaporization, at or near room temperature, in an ambient air environment [1] .
In CS inert gases (such as Nitrogen or Helium) are fed at high pressure in the inlet of a supersonic nozzle. The gas expands in the nozzle, and can reach at the exit velocities well above 3600Km/h. Such high speed jet is used to accelerate small metal particles, which are made to strike upon a substrate material. If a threshold energy level is reached at impact, the particles will bond to the substrates and form a coating. New developments in the field of CS as well as optimization of spraying strategy permit to elaborate freeform 3D objects with reasonable precision. The great advantage of CS is its ability to fabricate multi-material, intermetallic, and functionally graded components. However, further work is needed to develop the process and to address challenging technological issue such as stable powder feeding and optimization of spraying strategy [2] .
Residual stress is among the most important factors affecting coating integrity; it can lead to peeling and/or delamination of coatings. Thus, understanding of the bonding mechanism together with the stress formation is critical for improving the overall integrity or performance of the deposition. Up to now, there is a limited amount of data detailing the residual stresses in cold-sprayed materials whether inside a single-deformed particle or the whole coating, though there have been several investigations on residual stress of thermal sprayed coatings. For CS, Tsui and Clyne developed a model [3] capable of predicting the residual stresses profile through the thickness of the deposition. Numerical simulations of a single particle splat [4, 5] , multi-particle impact [6, 7] and single pass [4] are present in literature.
Deposition strategies that minimise residual stresses have already been developed and present in literature for thermal spray, giving more emphasis to the effect of the temperature distribution on the substrate, that is irrelevant in CS application; or simply optimizing the spray angle, the relative speed and distance between torch and component and maintaining them constants during the manufacturing process [8] [9] [10] . From the literature review emerged that although CS is rapidly imposing itself as a promising technique for additive manufacturing application, few researches tried to develop a deposition strategy that has as objective the minimisation of residual stress.
Moreover, only the influence of variation of impact velocity, initial temperature and the utilisation of materials such as aluminium and copper has been analysed on the mechanism of formation of residual stress in CS. For this reason, in this study, the implementation of different numerical approaches for the single particle impact was conducted in ANSYS-AUTODYN and then, the analysis of the effects of oblique impact, variation of friction coefficient and the utilisation of titanium together with aluminium and copper, was performed for a better understanding of the mechanism of formation of residual stress.
Model Description

Single Particle Impact
The residual stress derived by the single particle impact was simulated in this study, using the commercial software ANSYS-AUTODYN. The simulations of the parametric study were performed using the Lagrangian model. Table 1 presents the outline of the parametric study, focusing on the four parameters: materials combination, orientation of impact, impact velocity and frictional coefficient. The values of size, velocity and friction coefficient are tipical values present in the litterature for this type of analysis.
In order to model the complex response of materials to dynamic loading in our particular study, two components are needed: an equation of state that describes the hydrodynamic response of a material and material strength laws that describe the nonlinear elastic-plastic behaviour.
SHOCK EQUATION OF STATE (EOS) LINEAR:
This model uses a Mie-Gruneisen form of the equation of state based on the shock Hugoniot. The pressure p is determined as a function of density ρ and the specific energy E by:
Where it is assumed that:
Where and are the Hugoniot pressure and specific energy; the Gruneisen ratio; a material constant; the reference density; the compression and and define the linear relationship between the linear shock velocity and the particle velocity as follow:
This is the most suitable model to represent the strength behaviour of materials, typically metals, subjected to large strains, high strain rates and high temperatures, as it happens in our simulation. With this model, the yield stress varies depending on strain, strain rate and temperature.
The model defines the yield stress Y as:
Where ε is the equivalent plastic strain; ε ̇*=ε /ε _0 is the dimensionless plastic strain rate for ε _0=1.0s^(-1); T^*=(T-T_0)/(T_m-T_0) is the corresponding temperature; n is the work hardening exponent; A, B, C, and m are material constants; T is the temperature in Kelvin; Tm is the melting temperature of the material; and T0 is a reference temperature.
We assumed a perfectly spherical shape for the particle of Al, Cu and Ti as indicated by scanning electron microscope (SEM) observations present in the literature [12] . In the simulations, the height and radius of the substrate has been chosen to be ten times larger than the particle radius in order to reduce the number of elements of the mesh and therefore the calculation time. Moreover, it has been made sure that the 
extent of the substrate was large enough to eliminate the constraints of the boundary conditions. In fact, the reflective waves from the substrate bottom and far edges would reach the impact zone only after the rebound of the particle. The radius of the particle has been fixed at 20-25 µm; the height and radius of the substrate are equals to 125 µm.
A boundary condition that fixed the general velocity of the lateral edge of the substrate at zero value has been applied. An initial velocity has been applied to the particle. Figure 1 shows the mesh employed for the Lagrangian and ALE models. In order to obtain accurate simulation results with the minimum time needed, an optimized mesh has been employed: elements of size 0.5µm have been applied to the particle and a redefined zone of 25µm×25µm of the substrate near the impact. 
Multi-layer Deposition
A static structural simulation using ANSYS was performed in order to study the interaction between layer deposited and the influence of different deposition strategies in the final state of residual stress. The basis of our analysis of residual stress accumulation is according to Tsui and Clyne's progressive coating deposition model [3, 13, 14] . In fact, we use this model in order to induce residual stress in each layer. This analytical model is based on force and moment balance and it is capable of predicting the residual stresses profile through the thickness of the deposition, taking into account two mains sources of residual stresses: quenching and differential thermal contraction. Since, as already discussed in the literature review, the model was developed for thermal spray applications and its applicability to CS has been proven in various analyses [4, 7, 15] and, furthermore, it was found that the contribution of the thermal residual stress can be neglected [16] ; the model was used in this study to find the loads to apply to each deposited layer. These loads were applied to the geometry and the influence of a different relative orientation of successive layers has been analysed.
A tensile force with this magnitude acts on the deposit while a compressive force of the same magnitude acts on the substrate. This result is extended to the following layers, giving the force for each deposited layer:
While the compressive force is shared between the precedent layers and the substrate with the individual forces, respectively and , acting on their own neutral axis. These forces are equal to:
Finally, converting the forces into pressures, by dividing them by the area in which they act, simplify the identification of a unique condition for each layer.
Interestingly, the forces and therefore the residual stress described by Tsui and Clyne's model depend only on the final thickness of the deposition and not on the number of individual layers. However, since the residual stress is evaluated at the midpoint of the layer, a larger number of subdivisions results in a higher number of locations in which the residual stress is evaluated and therefore a more accurate distribution of stress. For this reason each layer was divided into 5 sub-divisions. Figure 2 shows the simulation schematic of two consecutive layers, at a different angle of deposition. By following the above, as each layer has 5 subdivisions, the total of such brings up to 10. In this study, we used the two physical parameters of the model and Δε that Lunzin et al [15] obtained by fitting the model to experimentally measured stress profiles. From Figure 3 where the results simulation for different angles of impact are shown, it is possible to observe that a smaller incident angle resulted in a shallower dent and a higher pile-up residing ahead of the shot.
Results and Discussion
Residual stress in a Single Particle Impact
Angle of impact (°)
It is found that a larger incident angle results in a larger compressive zone and a larger residual stress. These tendencies were similar to those obtained by Yang et al. in [17] .
On the other hand, a smaller plastic strain and a larger plastic zone were observed for a larger incident angle. This relates directly to the effective velocity components. Different combinations of the substrate and coating materials enabled an analysis of the different factors affecting the residual stress state.
From the results in Figure 4 , a gap between the particle and the substrate can be noticed, and that represents the rebound. The gap between the particle and the substrate is due to the lack of an adhesion model in the simulation. In reality, if the velocity of impact is higher than the critical velocity described above, metallurgical bonding occurs between the particle and the substrate. The simulation is not able to take into account this mechanism; however the effect on residual stresses computation within the bulk is assumed negligible.
It is interesting to compare the simulation results reported in Figure 4 (deposited×substrate material) in terms of final state normal residual stress, to the properties of materials reported in Table 2 . It is possible to observe that the density of the material plays an important role in the final configuration of residual stress. In fact, under the same impact conditions the particle undergoing higher deformation is the Cu particle owing to its higher density and thus more kinetic energy upon impact. However, density is not the only material property affecting the particle deformation. In fact, we can notice that even if titanium has a higher density than aluminium, thus a higher kinetic energy, it deforms less. In effect, the deformation behaviour of both particle and substrate is also dependent on the yield stress. The depth of penetration, deformation and stress can be interpreted by combining the effects of these two material properties.
In addition, these results are in accordance with the reported results [16] that also argued the strong influence of the yield stress in the formation of residual stresses.
The deformation behaviour of Al particles is different to Cu particles under the same impact conditions owing to its lower density and thus less kinetic energy upon impact. Aluminium particles need a higher velocity to reach the same compression ratio as that of Cu particles. With increasing the impact velocity the compression ratio of Al particles increases linearly [18] Comparing the results for same (Al/Al, Cu/Cu) and different materials (Al/Cu, Cu/Al) cases, we can observe that for the same material cases at the interface the stress has the same value and the profile is continuous while for the different material cases is possible to observe a discontinuity of stress at the interface. This is due to the different materials properties that, therefore, translate into different answers to the loadings. The equivalent stress is higher in the copper whether it is present on the substrate or in the deposition because of its higher Young's Modulus. More precisely, it is possible to observe that: • For the Al/Al case ( Figure 5 ) we have the highest equivalent stress in the deposition, the final stress decreases non-linearly while increasing the relative orientation and it is lower for 90°. More precisely, at 90° the maximum equivalent stress is 32% lower than a relative orientation angle of 0°.
Residual stress in a Multi-layer Deposition
• For the Al/Cu case ( Figure 6 ) the final stress decreases non-linearly while increasing the relative orientation and it is lower for 90°. More precisely, at 90° the maximum equivalent stress is 30.5% lower than a relative orientation angle of 0°.
• For the Cu/Al case (Figure 7) , while a trend cannot be identified between the different relative orientation angles and the residual stress profiles, the final stress is lower for 90°. More precisely, at 90° the maximum equivalent stress is 32% lower than a relative orientation angle of 0°.
• For the Cu/Cu case (Figure 8 ), the final equivalent stress decreases non-linearly while increasing the relative orientation. However, they are both lower for 90°. More precisely, at 90° the maximum equivalent stress is 31% lower than a relative orientation angle of 0°.
It is interesting restating that for the four different setups we obtain the same percentage of decrease in residual stress of around 30%.
From a global analysis of stress for an orientation of 0° we can observe that in the case of the Cu coatings a higher residual stress accumulation than in the Al coatings suggest the amount of plasticity on impact is more significant in Cu coatings. The residual stress accumulation in the CS coatings examined here is primarily a result of plastic deformation resulting from particle impact, and thermal effects are relatively minor.
It is found that, while a uniform behaviour for relative angle of orientation between 0° and 90° cannot be identified, the through-thickness residual stress are lower when successive layers are deposited with perpendicular orientation to each other, i.e. with a relative angle of orientation of 90°. In fact, we assist at a compensation of loads in different directions that result in a product with less residual stress, instead of an increase in stress due to the addition of the deposition effect of layers in the same direction.
The deposition strategy that considers a perpendicular deposition of successive layers was proven to result in a compensation of residual stress, conducting to a final product with lesser levels.
Conclusion
In order to find a deposition strategy that allows to minimise residual stress in material deposited by CS, allowing a better performance of this technology for addition manufacturing applications, at the microscale the influence of different parameters was analysed through a single particle impact realised with the commercial software ANSYS-AUTODYN and at the macroscale residual stress were induced in deposited layers thanks to Tsui and Clyne's progressive deposition model and the influence of different orientation of successive layers was analysed.
For the first time, in this work, a parametric study of the single impact particle to study the residual stress was proposed.
From the single impact simulation emerged that:
• A larger incident angle results in a larger compressive zone and a larger residual stress; • The density and the yield stress of the materials involved in the deposition have a strong influence in the residual stress formation of the CS material. Although it was shown than materials are among the most important factor which affect the deposition process, it is not possible to categorize the utilisation of a determinate material because the choice of material strongly depends on the component application, its lifecycle, machining costs.
Instead, the macroscopic simulation resulted in the identification of a deposition strategy that is independent of the materials employed for the deposition and substrate. This strategy consists in deposition of successive layers with a perpendicular orientation to each other, i.e. with a relative orientation of 90° between successive levels of layers; and it is able to achieve maximum equivalent stress up to 32% lower than a relative orientation angle of 0 0 for combination of aluminium and copper depositions. Future work will include the experimental confirmation of the findings reported in this article.
